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Amendment to Office Action of 12.29.2004 

Remarks: 

In the Drawings: 

The Examiner objected the drawings because the drawings did not show the feature 
concerning the thickness of the metallic tube layer as expressed in "atomic layers". The applicant is 
baffled by this objection. No where is it required in 37 CFR 1 ,83(a) or anywhere else that 
dimensions be indicated on a drawing. The Examiner is referred to Figures 2 & 4, for instance, 
where the metallic tube layer is clearly and unmistakably identified as element ''5'\ Further, the 
metallic tube layer is identified in numerous places in the specification, such as in the List of Figure 
Reference Numerals . The objection should be removed. 

The applicant suspects the Examiner's drawing objection stems fit>m the Examiner's 
erroneous 35 USC 1 12 rejection conceming Ihe use of atomic layers as a measure of the thickness 
of the metallic tube layer. This rejection is discussed in detail below. 

fa the Specification: 

The Examiner objected to specification for felling to provide proper antecedent basis for the 
claimed subject matter concerning the specification of the thickness of the metallic tube layer in 
atomic layers. The objection is also in error. The original as-filed claims 14 & 16 specifically 
mention the thickness of metallic tubular layer m terms of atomic layers. It is well known and weU 
established law that the original as-filed claims are part of the specification. However, the 
Applicant has amended the first fiiU paragraqph on page 8 to indicate the thickness range of the 
metallic tube layer in the same ranges specified in the above mentioned clauns. The objection 
should be removed. 

Again, the Applicant suspects the Examin^'s specification objection stems from the 
Examiner's erroneous 35 USC 1 12 rejection conceming the use of atomic layers as a measure of the 
thickness of the metallic tube layer. This rejection is discussed in detail below. 

In the Claims,; 

REJECTION OF CLAIMS 14-17 UNDER 35 USC 112, SECOND PARAGRAPH: 
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Claim 14 recites, "a metallic interior tubular layer having a thickness of between 10-1000 
atomic layets"". Claim 16 recites, **the metallic interior mbular layer has a thickness of between 
about 10-18 atomic layers'*- The Examiner contends that thickness cannot be measured by atomic 
layers but only inch or meter. This is incorrect. Rather, determmation of the thickness of a 
particular metallic mbe layer in either inches or meters (if so desired) can be determined with case 
based on (i) the atomic size of the metallic material comprising the particular metallic tube layer 
(the atomic sizes of metals arc well known) and (ii) the number of atomic layers of material 
comprising the particular metallic tube layer. Simply, the atomic size of the metal is multiplied by 
the number of atomic layers. This is definitely not indefinite. It is true that the tihickness in inches 
or meters will vary with the material comprising the metallic layer as different metals have different 
atomic sizes, but the critical factor relating to the aforementioned claims is not the thickness of the 
metallic tube layer in inches or meters but atomic layers. For a deeper understanding the Examiner 
is invited to read Appendix A: "How X-Rays Work" as drafted by the Inventor/Applicant, which 
will give the Examiner a better understanding of why the thickness is specified in atomic layers. 

The Examiner is further directed to Appendix B, which comprises the text of patent 
4,684,565, wherein the thickness of coatings relating to X-my mirrors are described in atomic 
layers. See the highlighted material on page 3- This reference is merely exexB^lary. With minimal 
searching the Exammer can find additional patent and other references where the thickness, of thin 
layers of material are provided in atomic layers. See Appendix C that provides a list of patents in 
which the phiase **atomic layers thick" occurs for U.S. patents issued since 1976. Note that 67 
patents are listed. There is absolutely no question that one of ordinary skill in the art would find the 
use of atomic layers to denote thickness as definite. 

The 35 use 1 12 rejections of claims 14-17 should be removed. 

INDEPENDENT CLAIM 1 (AS AMENDED) AND ITS ASSOCIATED DEPENDANT 
CLAIMS: 

Claim 1 was rejected by the Examiner as being anticipated tmder 35 USC 102 by Plessis. 
Claim 1 (as amended) is not anticipated nor rendered obvious by Plessis for each of the 
following reasons: 

A. Plessis teaches only a single tubular anode wherein claim 1 recites, "a plurality of X- 
ray anodes, each in the form of a capillary tube''. No teachiixg or motivation for using more than 
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a siagle tubular anode is suggested in Plessis. Accordingly, claim I and all its dependent claims are 
in a condition of allowance for at least this reason. 

The Examiner contends having multiple anodes would be obvious to one of ordinary skill as 
a mere duplication in his 35 USC 1 03 rejection of claim 5. The Examiner provides absolutely no 
support for his contentiojoi, however. The Examiner is directed to In re Lee, 277 F.3d 1338 (Fed. Cir. 
2002) where the court held that the patent office is not permitted to merely label something as 
obvious for purposes of rqecting a claim without providing support for its portion. An equivocal 
statement such as "a change in duplication of a component is generally recognized as being within 
die level of ordinary sJdll in ihe art." Hie Applicant requests that the Examiner provide support for 
this position if he intends to maintain a 103 rejection concerning the use of a plurality of tubular 
anodes. 

B. Claim 1 specifically requires each tubular anode to comprise a **capillary tube". 

Capillary tubes by definition are very small in internal diameter. See, for example, Answers-com. 
Essentially, a capillary tube must be small enough in diameter to be capable of holding a liquid 
therein by way of surface tension against the force of gravity (i.e. capillary action). Plessis docs not 
suggest that the tubular anode it teaches is very small. To die contrary, the title suggests the x-ray 
beam generated by the x-ray tube is a "peaicil beam'' indicating a much large tubular anode is 
utilized. To the applicant's knowledge, no one has suggested, taught or motivated the use of 
capillary tube x-ray anodes alone or in a plurality. Accordingly, claim 1 and all its dependent claims 
aie in a condition of allowance for at least this reason. 

C. Claim 1 specifically requires that the interior surface of the bore of the anode 
comprise a metallic tube layer having a thickness of no more than 10-1000 atomic layers. The 
actual dimension of the thickness of the layer in angstroms will vary with the metal comprising the 
anode. Interestingly, the Examiner, when rejecting claims 14 and 16 of the as-filed application, 
ignored the specific thickness requirement of the metal tube layer as listed in tiiose claims. The 
Examiner is reminded that a reference (in this case Plessis) must teach implicitiy or expUcitiy 
EVERY limitation of the claim in order to present a valid prima facie case of anticipation. As 
discussed above, the Applicant requests that the Examiner read "How X-rays work" written by the 
Applicant/Inventor for a better understanding behind the use of a very thin metallic tube layer in a 
capillary tube anode. Accordingly, claim 1 and all its dependent claims are in a condition of 
allowance for at least this reason. 
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D. Claim 1 specifically requires that the plurality of X-ray anodes "include at least a 
first linear row of anodes and a second linear row of anodes, the metallic tube layer of each 
anode of the first linear row comprising a first metaUic material and the metallic tubular of 
each anode of the second linear row comprising a second metallic material, the first metallic 
material being different than the second metallic materiaL" Nothing in Plessis teaches, suggests 
or motivates the use of linear rows of tubular anodes, especially v/bm at least one row comprises a 
different anode material than at least one other row. 

In as-filed claims 2&3, the Examiner rejected the use of differing anode materials In the 
metallic tubular layers of different tubular anodes as being obvious in view of Plessis over Zhou. 
Firstj the argument provided by the Examiner is nonsensical: he states Hmt Zhou teaches "at least 
one tube type X-ray anode (1402) and at least one second x-ray anode (1404),..". The reference 
numbers relate to Zhou's figure 14 which does not illustrate a tube-tvoe anode. Nor does Zhou 
discuss a tube-tjqpe anode anywhere within its specification. The Applicant can only guess at v^bat 
the Examiner means by his written statement. Review of the written discussion of Figure 14 
indicates that only a single anode (1400) is illustrated but that anode has two target materials 
arranged thereon (1402 & 1404). The anode is not mbular but jfttistoconical. Sec column 14, lines 
20-25. In sharp contrast, as-filed claims 2 & 3 and now claim 1 (as amended) teach two 
SEPARATE tubular anodes. Plessis and Zhou might be combined to indicate a single tubular anode 
(firom Plessis) having two different anode (Zhou) materials lining its bore, but no combination of 
Plessis and Zhou will produce that alone motivate having separate tubular anodes with each anode 
having a metallic tube layer made of a different metallic material than the other anode. 

Even if, for sake of argument only, we assume that the combination of Zhou and Plessis 
does render the as-filed claims 2 & 3 obvious, nothing in cither reference teaches, suggests or 
motivates two linear rows of tubular anodes v^^ierein each row has metallic tube layers of dififerent 
materials. This particular arrangement is described in the present application in relation to Figures 
6A and 6B. 

Accordingly, claim 1 and all its dependent claims are in a condition of allowance for at least 
these reasons. 

Concerning dependent claim 4 (as filed), the Examiner contends that Zhou teaches an 
electron beam deflector. The portion of the Zhou reference cited by the Examiner does not do so 
explicitly but at best implicitly. However, Zhou (alone or in combination with Plessis) fails to 
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teach, suggest or motivate, implicitly or explicitly, a electron beam deflector that is "adapted to 
selectively deflect the focused beam of electrons along one of the first and second linear rows" as is 
specificaUy required by claim 4 (as amended). For at least this additional reason along with all the 
reasons provided above for claim 1, claim 4 is in a condition of allowance over the reUed upon 
references. 

INDEPENDENT CLAIM 14 AM) ITS DEPENDENT CLAIMS: 

Hie Examiner rejected claim 14 as being anticipated by Plessis. However, Plessia faib to 
teach, suggest or motivale the use of a metalUc Interior tubular layer having a thickness of 
between 10-1000 atomic layew. While the Examiner contends that a thickness measurement 
specified in atomic layers is indefinite, he is then not free to just ignore a limitation in a claim and 
accordingly reject the claim. Given fliat the Applicant has clearly demonstrated above that the use 
of atomic layers to denote athickness measurement is common and definite, claim 14 and all its 
dependent claims are now in a condition of allowance over the relied upon references. 

Further, coneeming claim 14, the Examiner contendg element 4 as specified in various 
figures of Plessis teaches, suggests or motivates "an X-ray absorbing layer* as required in 
claim 14. A review of the Plessis spedfication merely indicates that clement 4 references the 
entirety of the tubular anode. Plessis suggests that the anode is primarily comprised of copper in 
column 4, lines 19-23 while an interior liner of flie anode is made of tungsten. Copper is not a good 
X-ray absorber for Tungsten. In feet, X-rays generated from the collision of an electron beam with 
tungsten will pass through copper relatively unhindered. The general rule concerning x-ray 
absorption is that for a metalUc material to absorb x-rays of another metaUlc material from which 
(bis X-rays were generated, h must be denser than the other metallic naaterial. The more dense Ae 
absorbing material, the more effective it is. For instance, copper (atomic number 29) would not 
effectively absorb x-ray radiation generated from its near neighbors such as Nickel (28), Cobalt 
(27), Iron (26), Manganese (25), Chromium (24). Vanadium (23) and Titanium (22) despite being 
denser than Uiose materials, because they are relatively close in density. Tungsten, the only anode 
material mentioned by Plessis has an atomic mimber of 74 and accordingly, tungsten x-iay radiation 
would pass through the copper relatively unhindered. Accordingly. Plessis. alone or in combination 
with die relied upon references, faUs to anticipate or render obvious the use of an X-ray absorbing 
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layer as recited in claim 14. For at least this reason, claim 14 and all its dependent claims are now 
in a condition of allowance over the relied upon references. 

INDEPENDENT CLAIM 18 AND ITS DEPENDENT CLAIMS: 

Claim 1 8 was rejected by the Examiner as being anticipated by Plessis. Clmm 1 8 (as- 
amended) requires that an electron beam a gen«ator be directed into first ends of a first linear array 
of capillary tube anodes. Plessis only teaches, suggests or motivates a single x-ray tube. As 
discussed above, Zhou does not teach, suggest or motivate having more than one distinct anode 
wherein the anodes are arranged linearly relative to each other. None of the other relied upon 
lefeiences teach, suggest or motivate a linear array of anode tubes. Further, as discussed above with 
reference to claim 1, Plessis does not teach capillary tube anodes, which have extremely small 
diameters. The tabular construction of Ae anode cot^led with Hcieix very small size results in x-rays 
being generated that essentially comprise characteristic line spectra relative to the particular 
metallic anode material. All odier X-ray tube anodes, such as Plessis, also generate a significant 
amount of continuous spectrum X-ray radiation. The extremely small diameter of the capillary tube 
anodes, essentially filters out the continuous spectrum radiation as is described in Appeal A, 
"How X-rays Woric". For at least these reasons, claim 18 and its dependent claims are in a condition 
of allowance over the relied upon prior art. 

CLAIM 6 

The Examiner found Claim 6 to comprise allowable subject matter. The Applicant has 
rewritten Claim 6 in independent format and it is therefore in a condition of allowance. 

Petition for Extension of Time 

The Applicant respectfully requests a one montibi Extenaon of time. Authorization to charge 
the one month extension fee for a small entity is provided herewith. 

Conclusion 

The ^licant believes the objections and the rejections of the Office Action have been 
overcome through amendment and remark. Accordingly, the ^pUcation and aU pending claims are 
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in a condition of allowance. The Exsaniner is respectfuUy requested to contact the undersigned at 
303.768.0644 if thw ate any other outstanding issues that would prevent the expeditious issuance 
of a Notice of Allowance in Has case. 

Dated this 27* day of April, 2005 
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Appendix A 

How X-rays Work 
By Edward McGuire 

Electrons exist in a "free" state inside all metals. Free means they are free to move around 
inside the metal, consuming only a little energy. The little energy required is described by 
the property of "resistance"* 

Electrons can be extracted from metals when the temperature of the metal is high enough 
(a heated Tungsten filament for example), and/or there is a high enough electric field near 
the surface of the metal to influence the electrons near the surface. Tungsten is used since 
it resists vaporizing at the highest temperature of any metal. 

Electrons not immediately at the surface cannot "sec" any electric field, since the surface 
electrons distribute themselves so as to exactly balance (and cancel) the field: they are 
"free" to do so, and this is how a Faraday Cage works. 

Electrons which have been extracted from any metal surface by a certain Voltage (for 
example 40,000 Volts or 40 Kilovolts or 40 KV) thereby gain 40,000 Electron-Volts of 
energy. In common usage, the voltage alone is specified, since almost all devices use 
electrons. 

Such a beam of electrons have almost exactly the same energy. The tiny variation in 
«iergy is due to their initial thermal energy variation inside the hot emitter, and this 
amount is less tiian one Volt out of 40,000 Volts. 

The beam of equally energetic electrons can be deflected from a direct path by any 
combination of electric and magnetic fields. When applied transverse to the direction of 
motion, neither electric nor magnetic deflection changes the energy of the electrons in the 
beam. The deflection is always proportional to the field strength and the time duration of 
application. So when you control the generation of the deflection field, you control the 
motion of the electrons in the beam. 

As the electrons get really close to the anode (end of the flight path), the information 
available from any and all physics textbooks runs out The following is not taught at 
Stanford or Columbia. 

Consider the approach of one electron to a wall of metal atoms (the anode or target). 
The electron is so small it can really be considered to be a point. But an atom of any 
metal is completely different. The overall size is one or two Angstroms, and depends 
upon the identity of the actual material. 10,000 Angstroms is 1 micron (1/1,000,000 of a 
meter). The spacing of the atoms depends on the material, actually upon the crystal form 
of the material since metals axe xisually found in (microscopic) crystal forms. 

The relative sizes means "the electron can miss a solid wall of metal". For a while, 
Ehiriug the first dozen layers of atoms of target, the electron is just about certain to hit 
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something. But not absolutely right on the surface. <This is why I referred to 10-1000 
LAYERS of atoms in the patent application. More specifically the number 10.> 

Hiis relationship is very much like landing a 747 in San Jose. Not at the airport. Landing 
in downtown. As you let down below die tops of the high-rise banks, you may not 
immediately hit anything, but when you get to 100 feet from the street, you won't have 
long to wait. 

As the inevitable collision occurs between our single electron and the crystal maze of 
atoms tibiat it already inside, two different outcomes are distinguished. 

1. The electron that was moving hits a glancing blow on one or more of the motionless 
electrons that axe part of one of the target atoms. No particular electron is hit The moving 
electron has its energy and direction shifted in some way. Even pren^uantum mechanics 
requires that a photon (x-ray to us) be emitted to account for this change in momentum. 
Critical here is that any change of direction is allowed, and any energy loss up to losing it 
all at once is allowed. So the x-ray emitted can have any energy from zero to max, with 
the curve of outcomes having a shape which DEPENDS ONLY ON PROBABILITY, 
and NOT ON THE TARGET MATERIAL. This spectrum of eneiBics is called the 
CONTINUOUS SPECTRUM, since any energy/fiequcncy/color over a broad range is 
allowed and is observed. 

<A}1 commercial x-rays utilize only the continuous spectrum. This is not the focus of our 
patent appUcBiion.> 

2. The electron that was movit\g hits (like a direct hit) a motionless electron that is part of 
one of the target atoms. The electron that is hit is dislodged from the atom (provided the 
moving electron had enough initial energy of motion to pay for this). The missing 
electron-sized-place in the impacted atom is instantly filled by one of the free electrons in 
the area* When the hole gets filled, a qtiantum radiation packet which is exactly tied to 
the energy that was required to knock the motionless electron out MUST be emitted from 
the atom to balance out quantum mechanics. The energy/wavelength/COLOR of this x- 
ray is SPECIFIC TO THE TARGET ATOM and which of its many electrons got hit- 
There ajre sometimes several possibilities- The name of the set of COLORS of x-rays is 
called CHARACTERISTIC LINE SPECTRUM. Each COLOR is called a ^*line" since it 
looks like that in a spectrum analyzer. All of this is just like in optics, and was familiar to 
Newton althou^ he couldn't explain it. 

<The intentional generation and manipulation of Characteristic Line Spectra is unique to 
our patent application.> 

Now, we are just inside a metal surface and we have just generated either a continuous 
spectrum or characteristic line spectrum x-ray. Now for a suiprise^ The metal absorbs the 
continuous spectrum readily, and does not absorb its own characteristic line spectrum. 
<Thi8 feature is critical to our patent applicatiori> 
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Whatever the kind of 75:-ray which has just been generated, its direction is somewhat out 
of control. Each x-ray has only one direction, but everything is controlled by probability 
so the effect is a sort of spray in the general direction of the incoming electron. 

In our patent, we stress the importance of a thin x-ray conversion (generating) layer. We 
even suggest how many atomic layers are in it. The x-ray spray generated in the thin 
layer is three parts: 1. continuixig ahead in the conversion layer. 2. escaping from tiie 
conversion layer, back into the vacuum. 3. penetrating mto whatever is under the 
effective conversion layer. 

Radiation of part 1 will get filtered by the conversion layer, so that none of the 
continuous spectrum will remain (the conversion layer will not absorb its o\yn 
characteristic Ui>e spectrum but it will absorb the continuous spectrum). 
<This is a unique effect that we want to exploit.> 

Radiation of part 2 will not get filtered since it escapes quickly into the vacuum. 
BUT, if we are generating x-rays inside tiny capillaries (our plan), the escaping radiation 
will quickly cross the vacuum and bury itself in the conversion layer on the other side! 
And so, it will get filtered on the other side. Everything is radially symmetric, so any x- 
tays that escape only do so temporarily. 

Radiation of part 3 penetrates the conversion layer and encounters (by our design) a heat 
conducting layer and/or a iBdiation absorbing layer. Actually, in practical tenns> this 
could easily be the same material. Gold is very heavy. X-ray absorption almost the same 
as lead (not as cheap however). And it is a fine heat conductor (not as cheap as Copper, 
but Copper is not particularly absorbing of x-rays unless they are very low energy ones). 

You will notice that we b^^ve set it up by using: 

1. inside of cylinder conversion surfeces 

2. layer of conversion material on an x-ray absorber 
that we generate x-rays that are almost all 

L characteristic line spectia 

2. directed straight ahead (along c^iUaries). 

<llxese two effects are really unique when combincd> 
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X-ray mirrors made from multi-layered material 

Abstract 

The present invention is an X-tay minor including a multi-layered material in which the composition of tile 
layers repeat, the repeat distance being between 8 and 250 A., In one embodiment, the mirror is produced by 
CVD. In another embodiment, the layers forming the structure are made of amorphous semiconductor or 
insulator material. 
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Claims 



What is claimed is: 

1 An X-ray mirror comprising a multilayeied material wherein the layers fonning the structure are made of 
amoiphous semiconductor or insulator material such that the composition of the layers repeat, penodically said 
repeat distance being between 8 and 250A. 

2. The X-ray mirror of claim 1 wherein said layers are produced by CVD, 

3. The X-ray mirror of claim 2 wherein said layers are fcmned from tetrahedrally elements or alloys containing 
said tetrahedrally bonded elements. 

4. The X-ray mirror of claim 3 wherein said CVD is plasma assisted. 

5. The X-iay mirror of claim 1 such that said multi-layered material includes a diffusion baraer between layers. 
6- Tlxe X-ray mirror of claim 1 wherein layers are metals or alloys thereof. 

7. The X-ray mirror of claim 6 such that each period of said multi-layered material includes a diflfijsion barrier 
between layers. 

8. The X-ray mirror of claim 7 wherein said metal layers are Au and Al separated by a silicon or carbon 
difiusion barrier. 

9. The X-r^ mirror of claim 3 wherein said tetrahedrally bonded clement is silicon. 

10. The X-ray mirror of claim 9 wherein said alloy is an alloy silicon with an element selected fiom the group 
oxygen, nitrogen, fluorine, and carbon. 

1 1. The X-ray mirror of claim 1 wherein said layers are substantially defect free. 

12. The X-ray mirror of claim 1 wherein said layers are substantially smooth and of unifbrm tfuckness across 
each layer. 

13. The X-ray ixxirror of claim 1 wherein said composition of layers repeat m ore than 8 times. 

Description 



BACKGROUND OF THE INVENTION 

This invention relates to X-ray mirrors which include multi-layered material. 

The ability of multi-layer materials to reflect X-rays with high efficiency depends on the structural quality ol 
the interfaces between the layers. Semiconductor superlattices are one class of multi-layer matenals m whicl 
the structural and electronic properties of the mtexfaces are highly perfect, and can be used as X-my mirrors. 
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Layered raystalline semiconductor matearials with periodic variations in composition in one dimension on the 
scale of 5-500A commonly known as superlattice structures (Esaki U.S. Pat. No. 3,626,257) have been found to 
exhibit many novel properties with numerous technological applications. In these matenals good 
semiconducting properties, such as carrier mobilities and nxinority carrier Ufetimes that are comparable to high 
quality bulk samples of the individual components require that the successive layers be grown epitaxiaUy as 
single crystal sheets. This requirement is not easy to satisfy in practice and noimally Inmts the composiUon of 
crystalline semiconductor superlattices to semiconductors and semiconductor alloys that are lattice matched or 
nearly lattice matched, and that can be deposited stoichiometricaUy by the techniques of thin fihn deposition. 
The degree of crystallinity of the superlattice material is then limited by the perfection of the substrate matenal 
and the ability of the deposited layers to replicate the underlying layers. 

A fiirther compUcation weU-known in the art (see for example Dingle U.S. Pat. No. 4,261,771) is that even if 
Ihe individual semiconductors comprising the intended superlattice material are lattice matched and can be 
deposited epitaxially as stoichiometric films, standard growth conditions still may not produce a superlattice 
material with substantially smooth layers since surface diffusion effects and nucleation effects may cause the 
semiconductor layers to grow in a columnar fashion or otherwise non-uniformly in the lateral dnrection 
perpendicular to the plane of the substrate. In this case it is unlikely that layered semiconductor fihns coiJd be 
fabricated comprising individual sublayers that are coherent laterally and substantially smooth on the scale of a 
few interatomic distances. The mechanisms of thin fiUn nucleation and growth are characteristically complex, m 
that ttiey depend jfrequently in une5q)ected ways on the growth conditions such as the substrate temperature and 
the detailed structure and chemistry of the substrate surfece. Thus, in general, one cannot predict what classes of 
materials or growth conditions can be used to fabricate superlattice structures. 

no. 1 shows a schematic energy-band diagram of a superlattice structure having undoped cxystalUne layers 
where the alternating layers have substantially different compositions and the thidmess of each Isyex is d/2. 

Another advance in the field of materials science relating to semiconductor technology in recent years has beien 
the discovery that amorphous semiconductors and insulators can be deposited by a variety of means, reactive 
sputtering and plasma-assisted chemical vapor deposition (PCVD) being the most popular, in the amorphous 
state in a substantially defect-ftee form (PCVD is also known as glow discharge deposition.) By substantially 
defect-free we mean free of chemically and electricaUy active coordination defects such as dangling bonds, to a 
level of better than about 1 defect per lO.sup.3 atoms. This defect-free property manifests itself^ a low density 
of states in die gap, as measured for example, by tiie optical absorption coefScient for photons with an energy 
less than the optical bandgap. In one of the more thoroughly studied materials, namely amorphous silicon 
deposited by plasma assisted CVD from silane gas, the low density of defects is known to result from the 
passivation of dangling Si bonds by atomic hydrogen. The hydrogen content of these materials depends on the 
deposition conditions. The materials will be represented by the nomenclature a-Si:M, in the case of amo^Jhous 
hydrogcnated siUcon, where the hydrogen content is understood to depend on the detaUed nature of the film 
preparation process. 




ni«!-J!-.-.',.'.C;..»i. ' 



In view of the non-equiUbrium namre of the growth process and the amorphous surface structure of these thin 
fihn amorphous semiconductors, prior to the present in vention it was not known whether contiguous layeis of 
different (imposition, a small number op^^p^fWan be deposited with long range ordermg, that is 
over lateral distances large relative to thl TayerttfeBeMTk^^ a result act as X-ray mirrors. Furdiermore, if an 
amorphous superlattice material could be fabricated it is not known vAxat the nature of the physical properties of 
this material would be. For example one of the most basic properties of a material namely the electromc energy 
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level positions, can be calculated for crystalline semiconductors in tenns of band theory whicli relies on the 
nearly perfect periodicity of the crystalline structure. In this case, the material, properties can in principle be 
determined from the relevant electronic states and the band structure. 

However, in amorphous materials the electronic energy levels cannot be calculated from the theory in the usual 
way because of the absence of long range periodicity. Although various alternative approaches have been tried 
with varying degrees of success, generally the .theoretical work has at best succeeded only in describing known 
properties, without successfully predicting novel properties. Thus, it is not known how to predict the physical 
and chemical properties of an amorphous semiconductor material in which a periodic potential due to die 
supcrlattice smicture is imposed in addition to tide random atomic potentials of the underlying amorphous 
network. 

The present invention is an X-ray mirror for larger than grazing incidence X-rays made from artificially 
produced multi-layers. Early attempts to make such X-ray mirrors, based on Bragg reflection from synthetic 
multi-layer materials, focused on materials in which one of the altwoating layers is a high atomic number 
material such as tungsten and the other layer is a low atomic number material such as Carbon (see for example, 
T. W. Barbee, Am. Inst of Phys. Conf. Proc. No. 75, "Low Energy X^ray Diagnostics", ed. D. T. Attwood and 
B. L. Henke, 1981). The idea is that alternating high atomic number/low atomic number layers will maximize 
the contrast in optical properties between the layers and hence maximiang the reflectivity for a given number of 
alternating layers. 

However at wavelengths around the carbon, nitrogen and oxygen K shell absorption edges mirrors with 
alternating layers of Si/SiC, Si/SiN or Si/SiO.sub.2 can have high optical contrast and because of the smooth 
quahty of the plasma CVD deposited films will make excellent mirrors. As pointed out by R. P. Haelbich, A. 
SegrauUer and E. Spiller (Appl. Phys. Lett. 34 184 (1979)) the smoothness of the layers can be as important as 
the optical contrast between the layers for good sfpecular X-ray reflectivity. 

One of the uses of the mirrors described in the present invention is in the optical system of X-ray lasers. 
BRIEF DESCRIPTION OF TOE HGURES 

FIG. 1 shows a schematic energy band diagram for electrons and holes in semiconductor superlatrice material, 
in which the compositional modulation is due to alloying or other gross compositional variation. 

FIO. 2 is a schematic diagram of a superlattice structure. 

FIG- 3 is a schemadc diagram of the position of the individual atoms in the superlattice structure of the present 
invention. 

FIG. 4 is a schematic diagram of a plasma assisted chemical vapor deposition reactor. 

FIG 5 shows optical absorption coeflBcient for four a-Si:H/a-Si.sub. 1 -x N.sub.x :H superiattice materials where 
the a-Si,sub. 1 -x N.sub.x :H sub-layer thickness is held fixed at 35 A and the a-Si:H sub-layer thicknesses have 
the indicated values. Also shown is the optical absorption coefficient of a homogeneous a-Si:H fihn and a 
homogeneous a-Si.sub.l-x N.sub.x :H fihn grown under the same conditions as in the superlattice materials. 

FIG. 6 shows the normalized resistivity, optical gap. Eg, and energy of the peak in the photoluminescence 
emission, PL, as a fimction of a-Si:H sub-layer thickness L, plotted as L.sup.-2, for a series of a-Sl:H/a-Sl,sub.l- 
x N.sub.x :H superlattice materials where the a-Si.sub.l-x N.sub.x :H sub-layer thickness is held fixed at 35A. 

FIG. 7 shows the electrode configuration used in measurements of the in-plane resistivity of superlattice 
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materials. 

FIG 8 shows the optical absorption coefficient as a ftinction of photon energy for an amorphous supcrlattice 
material comprising about ten periods of 1 500A a-Si:H sub-laycns and 35A a-Si.sub.l-x N.sub.x :H sub-layers. 
The weakly energy dependent absorption at low photon energies is associated with structural defects, 

FIG. 9 is a graph of the characteristic X-ray diflfraction pattern of a layered amorphous semiconductor 
superlattice material. 

FIG. 10 shows a transmission electron microscope picture of a thin section of an amorphous semiconductor 
suqperlattice material wherein the repeat distance is 50A. 

SUMMARY OF THE INVENTION 

The present invention is an X-ray mirror including a multi-layered material in which the composition of the 
layers repeat, the repeat distance being between 8 and 800A. In one embodiment, the mirror is produced by 
CVD- In another embodiment, the layers forming the structure are made of amorphous sraniconductor or 
insulator material, 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

FIG, 2 shows a schematic diagram of the present invention. The invention is an X-ray mirror which includes a 
composition of matter which comprises a multilayered material whose layers are tiiin sheets of semiconducting 
or insulating amorphous material. 

Even though high intensity sources of X-rays are now available, their application in imaging and lithography is 
limited by the lack of high quality mirrors for focusing and collimated radiation with photon energies greater 
tiian about 35 eV. and less than about 1 500 eV. The reason is that in diis X-ray wavelength range mirrors 
constructed in an analogous way to those used in the ultraviolet and visible part of the spectrum, have low 
reflectivity, at normal or near normal incidences. By larger than grazing incidence we mean angles of incidence 
such diat the direction of propagation of the incident or reflected X-ray beam is less than 85.degree. from the 
surface normal to the X-ray mirror. Above 1500 eV. Bragg reflections from single crystals (e.g. Si, Ge) can 
serve as X-ray minors with high reflectivity at tiiese angles of incidence. A solution that has been offered to this 
problem of larger than grazing incidence X-ray mirrors in die 35 eV. to 1500 eV. range is synthetic Bragg 
reflectors. These structures can be fabricated by evaporation, sputtering, CVD or plasma assisted CVD of 
alternating layers of two or mote materials witii difiTerent composition. 

In these multi-layered mirrors generally a material of high scattering power for the X-rays to be reflected is 
alternated with on© that has a low scattering power. These layers repeat with a period designed so as to match 
the wavelength of the X-iays inside tiie material. Thus these materials simulate the Bragg reflection conditions 
for X-rays in crystals but witii a much longer period tiian natural crystals. By control of tiw individual layer 
thicknesses during the deposition of the multi-layers, one can make materials that have reflectivity analogous to 
Bragg reflectioiw in crystals, for any desired wavelengths in the 8-400A range. 

Furthermore in order to reflect a band of X-ray wavelengtixs with a single multi-layer mirror, one can make 
multi-layers with a range of repeat distances. For example, in an X-ray fluorescence microprobe apparatiis, 
sensitive to tiie density of carbon atoms in any chemical environment, one would like to have highly reflecting 
optics, for the wavelengtii range between 42A and 47A. A suitable mirror for normal mcidence X-rays could be 
constmcted from a multi-layer material with a repeat distance of 42A beginning at tiie substiate mcreasmg 
monotomically with each success layer to a 47A repeat distance at the top suifece. 
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For a multi-layer X-ray mirror in which the layer periodically is fixed, that is, a mirror designed to give 
maximum reflectivity at a single wavelength, .lambda..sub.o, the total number of layer periods, N, defines the 
sharpness of tibie reflectivity maximums. That is the wavelength range of peak reflectivity extends from 
about .lambda..sub.o /2N above and below .lambda,. sub.o. (Such mirrors will effectively act as 
monochromators.) If the X-ray pathlength is not sufficiently long inside the mixror material to traverse all N 
layers, either because of absorption or because of strong reflectivity, than the band of peak reflectivity will be 
wider. The finite X-ray absorption coefficient, .mu., limits the number of layers contributing to the reflected 
signal to about (cosine .theta.)/.mu.d, where .theta, is the incidence angle and d is the repeat distance. 

Ideally, for a multilayered material to make a practically useful X-ray mirror one would like the material to be 
hard so a$ to resist abrasion, and to be relatively rej&actory so as not to interdijause under illumination by high 
intensity radiation. If it is desirable for other reasons to make the multi-layer X-ray nurror from alternating 
layers of two materials which tend to interdiffiase, a thin layer of a third material may be deposited at the 
interfaces between the first two materials to act as a diffiision barrier to prevent the interdiflfiision. For example 
two metals like Al and Au which are known to interdiflEuse could be separated by a thin Si or C layer acting as a 
diffusion barrier. 

Another requirement is that the layers be highly uniform, continuous and smooth with thicknesses in the 4- 
400 .ANG. range. Many materials, such as low melting point transition metals for example, frequently tend to 
ball up and form discontinuous films in this thickness raxige> when deposited by evaporation. Any such non- 
uniformities will tend to scatter X-iays, and reduce the eflBciency of the specular reflection. 

Although the multi-layers can be deposited by evaporation, or sputtering, a preferred method is CVD, however 
a more preferred method is plasma assisted CVD. The preferred techniques have a number of advantages. First, 
CVD and plasma assisted CVD will produce a uniform coating over non-planar surfaces. For any focusing 
elements the multi-layer mirror must be deposited on a curved substrate* Second, plasma assisted CVD gives 
superior control over the layer thickness and reproducibility of the layer thickness. Control of the thickness of 
the individual layere to an accuracy of a single atomic layer is possible by plasma CVD. 

The present invention shows that it is possible to make layered amorphous materials by plasma-assisted CVD 
that are nearly atomically smooth, have low defect density interfeces, and can be used as X-ray mirrors. Since 
these materials can be deposited over large areas of almost arbitrary shape with uniform thickness by low 
pressure CVD and plasma CVD, they are particularly well-suited for large area and non-planar X-ray minors. 

In FIG. 9 we show the X-ray reflectivity as a function of scattering angle for a layered material composed of 
alternating layers of hydrogenatfed amorphous silicon (41 A), amorphous silicon nitride (27A), and an X-ray 
wavelength of L5A. The amorphous structure of the materials and the low interdiflfusion rate of the relatively 
refractory constituents minimize microstructure associated with crystallite facets, grain growtii or agglomeration 
into islands. A TEM section of a a-Si:H/a-Ge:H layered sample deposited by plasma CVD is shown in FIG. 10, 
illustrating the uniformity of the structure that is possible by this technique. 

Because these layered materials can be made from elements with low X-ray absoiption (Si, O, N, C) and a high 
degree of uniformity in layer spacing, high reflectivity and spectral selectivity should be achievable at larger 
than grazing incidence. Near normal incidence optics are desirable to keep aberration low and to maximize the 
solid angle accepted. Another potentially important application of these mirrors with high reflectivity is in X- 
ray lasers^ 

In a preferred embodiment, the entire multilayered mirror stnichire is a thin fiUn material, that is a material that 
is less than about 10 microns thick. The first and alternate layers 1, 3, 5 of the structure have the same given 
composition while die second and alternate 2, 4, 6 . . . have the same composition different from the given 
composition of layers 1,3,5 Therefore, the spatial repeat distance of the material is the thickness of layer 1 



04/27/2005 09:17 3036729200 

United Stales Patent: 4,684,565 



LL LAW 



PAGE 28 
Page 7 of 12 



plus layer 2. That is, layer 3 pins layer 4 is a repeat of layer 1 plus layer 2, etc. While in this configuration the 
layers repeat like ABAB . . . , including a diffusion barrier would result in a configuration like 
ACBCACBCACBCA where C is the diffusion bairien 

For purposes of illustration we discuss one embodiment of the present invention in which the multilayer X-ray 
mirror is an amorphous semiconductor or insulator superlattice. 

The optical reflectivity of any material is determined by its electronic structure, however description of the 
electronic energy levels in terms of well-defined E vs k relations, where E is the electronic energy and k is its 
wavevector, is not possible in amorphous semiconductors in the same way as it is in crystalline semiconductors. 
Nevertheless, some general features of the electronic energy level spectrum are known to be the same in both 
crystalline and low defect density amorphous semiconductors. For example, both types of semiconductors have 
a gap in the density of states between a broad distribution of filled levels (the valence band) and a broad 
distribution of empty levels (the conduction band). In crystals these energy bands have relatively sharp edges, 
broadened only by the thermal motion of the crystal lattice. In amorphous semiconductors the density of states 
edges are broader, being broadened by the structural di sorder of the amorphous network in adchtion to the 
thermal motion of the atoms. The width of the low energy absoiption tail of the optical absorption edge is one 
measure of the sharpness of the band edges in amorphous or crystalline semiconductors. In any case, an 
objective measure of the position of the band edges can be defined for both crystalline or amorphous 
semiconductors by, for example, the energy at which the density of states of the bulk material drops to 
10.sup.20 cm.siq>.-3 ev„sup.-l. In this sense, energy band diagrams such as those shown in FIG. 1, as described 
above can equally well be applied to amorphous and crystallme semiconductors. The modulation in the band 
edge energies illustrated in FIG. 1 is obtained by modulation of the thin film composition. 

The interfacial regions between the layers of the amorphous semiconductor or insulator material are 
substantially defect free. Referring to FIG. 3 shows a schematic diagram of the lattice structure of the present 
invention in which the atoms of the alternating layers are indicated by light and dark circles, and hydrogen 
atoms are indicated by light smaller circles. The period of the structures is d. As indicated in FIG. 3, there are 
substantially no dangling bonds to give rise to defects at the interfaces. 

Examples of amorphous semiconducting and insulating materials thai can be fabricated into amoiphous 
semiconductor superlattices according to this inventiont include: 

GROUP IVA ELEMENTS AND ALLOYS WHICH INCLUDE 

a-Si:H, a-OeiH, a-Si.sub.l-x Csub.x :H, a-Si.sub.l-x Ge.sub.x :H, a-Si.subJ-Jt N.sub,x :H, a-Si.sub.l-x 
Sn.sub.x :H, a-Si.sub.l-x O.sub.x :H, a-CtH (tetraedraUy coordinated) a-Si.sub.l-x-y O.sub.xN.sub.y :H plus 
alloys and halogenated (F, Cl) versions of the hydrogenated materials listed (e.g. a-Si.sub.l-x-y Ge.sub.x 
Sn.8uh.y :H J), 

As used herein, the subscripts are the atomic firactions of the elements in the material. For example, if x«2/3, 
then a-Si.sub.l-x O.sub.x :H is a-Si.sub.1/3 O.sub.2/3 :H which is a-SiO,sub.2 :H. 

Layers 1, 3, 5 ... and layers 2, 4, 6 , , . may comprise any two of the materials, e.g. a-Si:H/a-Si.sub.l-x 
N.sub.x :H* 

The X-ray mirror of the present invention also includes layered materials where the composition of each layer is 
modulated across the layers. For example, if the alternating layers are a-Si:H and a-Ge:H alloys, the transition 
from a-Si:H to a-Ge:H and from a-Ge:H to a-Si;H may occur gradually over the layer tiiicknesses starting with 
a-Si:H, gradually increasing the percentage of a-Ge:H until it is all a-Ge:H. In the next adjacent layer, the 
percentage of a-Si:H is increased until it is all a-Si:H. All succeeding layers repeat this sequence. 
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The materials in the two groups can be prepared by glow dischange deconaposition of gaseous mixtures of 
volatile hydrides, fluorides or chlorides or of the elemental gases themselves in the case of O.sub.2, N.sub.2, 
Cl.sub.2 and F.sub,2, as described below. 

MATERIAL PREPARATION 

There are several deposition processes that are known to produce low defect density amorphous 
semiconductors. Insulators and metals can also be produced by these techniques. These include PCVD, low 
temperature CVD and sputtering. Low temperature CVD is restricted to reactive gases that decompose at 
relatively low temperaiire such as for example Si.sub.2 H.sub.6. Sputtering has the advantage of bemg capable 
of producing a wider variety of amorphous semiconductor materials tiban can be made by PCVD or CVD, 
however, sputtered films usually contain more defects then PCVD fihns. We describe here a method for using 
PCVD to make amorphous semiconductor superlattices. To make amorphous semiconductor superiatticcs by 
CVD we simply omit the electric discharge used in the PCVD technique. To make amorphous semiconductor 
superlattices by sputtering it is possible to modify the technique (A. H. Eltoukhy and L E. Greene J. Appl. Phys. 
50 505(1979)) for making crystalline semiconductor superlattices by changing the deposition conditions (e.g. 
substrate temperature, gas pressure and addition of H.sub.2 to the plasma discbarge) to produce hydrogenated 
amorphous rather than crystalline semiconductors. 

Referring to FIG- 4 a PCVD apparatus for canying out the febrication of the material of the present invention is 
designated as 2. The PCVD apparatus includes a vacuum chamber typically of stainless steel, hi the vacuum 
chamber 4 are electrodes 6 and 8. Electrode 6 is grounded and refered to as the anode. Electrode 8 is insulated 
from the stainless steel chamber by insulator 10 and is referred to as the calhode. Flat heaters 12 are contained 
in the electrodes. Substrates 14 which can be insulators such as quartz or metals such as stainless steel are 
placed in good thermal contact with the electrodes. 

The plasma is produced by a low power (5-10 W) RF (13.5 MHz) discharge, by means of an RF generator 16 
connected to the cathode. To deposit layered films the composition of the gas in the teactcw 2 is changed 
periodically by opming and closing alternately neumatic valves 1 8 and 20 to adnout gas A or gas B into the 
reactor. 

In order to avoid setting up pressure transients through the opening and closing of valves 1 8 and 20 the gases A 
and B are alternatively shunted into a ballast pump 26 by opening and closing valves 22 and 24 in phase with 
valves 18 and 20, respectively. The gases are pumped continuously out of the reactor by a pump through outlet 
28. The same scheme can be easily extended to more than two gases or gas mixtures. 

To achieve abrupt chEuages in composition between adjacent layers requires that &e time it takes to change 
gases in the reactor (molecular residence time) be short compared to the time it takes to grow a monolayer. The 
molecular residence time .tau..sub.R is given by 

.tau..sub.R=(Vp/F.sub.o p.sub,o) 

whCTc V is the volume of the leactor, p is the gaspressure in Ae reactor and F.sub.o is tiie gas flow rate at 
standard pressure p.sub.o. .tau..sub.R can be varied over a wide range of values. In our experiments we have 
used V=30 liters, p=30 m torr, F.sub.o =0.1 Uter/min which gives .tau..sub.R=l sec. With atypical deposition 
rate of 1 .ANG^sec. the transition from one layer to the next takes place over a distance of less than a smgle 
atomic layer. The sub layer thickness is given by the product of the deposition rate and the flow period of the 
gas. Hie thickness of the sublayers can be varied from a submonolayer to thousands of angstroms. 

Example of amorphous semiconductor stipcrlattices that have been produced include: 
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a-Si:H/a-Ge:H 

a-Si:H/a-Si.sub.l-xN.sub.x :H 
a"Si:H/a-Si.sub.l-x Csub.x :H 

The a-Si:H sublayers were made from puie SiH.sub.4. The Ge:H sublayers were made from a mixture of 1 0% 
GeH.sub,4 +90% H.sub.2. The a-Si.sub-l-x Csub.x :H sublayers were made from a mixture of 50% SiH.sub.4 
+50% NH.sub.3. The a>Si.sub.l-x Rsub.x :H layers were made from amixture of 20% SiH.sub.4 +80% 
NH.sub.3. The substrate temperatures were in the range 200.degree.-25O.degree. C. 

The properties of the composition of matter used in the present invention are believed to be modified by the 
quantum size effects brought about by the dimensions of the layered material. The quantum effects manifest 
themselves in the optical and electrical properties of the material. Some of these physical properties are 
discussed below. The quantum effects brought about by the dimensions of the layered material are expected to 
have an appreciable eflFect on the properties of the material only if the energy level shifts introduced by the 
quantum eflfect are greater than about kT, where T is the temperature at which the properties are measured 
(.about25 mev at room temperature). 

OPTICAL PROPERTIES 

The optical properties of a variety of a"Si:H/a-Si.sub-l-xN.sub.x :H superlattice materials have been 
investigated. The optical absorption coefficient .alpha, as a function of photon energy E is shown in FIG. 5 for 
four different superlattice materials all with the same a-Si.sub.l-x N.sub.x :H sublayer thickness (.about.35A) 
but with the a-Si:H sublayer thickness varying from about 50A to about lOA. By extrapolating to ,alpha.=0 a 
linear fit to the optical absorption data plotted as (.alplia.E)l/2 as a function of E, where E is the photon energy, 
as is customarily done in the amorphous semiconductor field to detennine optical bandgaps, we found that the 
optical g^ increased by about 0.5 ev when the a-SiH.sub.x sublayer thickness was reduced from 50A to lOA. It 
is worth noting that the above-mentioned metfiod for determining the optical gap involving the extrapolation of 
(.alpha.E)l/2 to .alpha.^0 is not dependent in any essential way on an the accurate knowledge of the thickness 
of the deposited film- 
Also shown in FIG. 5 is the optical absorption coefficient for a fihn comprising only a-Si:H deposited under the 
same conditions as in the superlattice and a fihn comprising only a-Si.sub.l-x N.sub.x :H also deposited under 
the same conditions as in the superlattice film. Note that the optical absorption of the superlattice materials 
cannot be represented as a linear combination of the two constituents. Not only does the magnitude of the 
optical gap change with a-Si:H sublayer thickness, but also the slope of the low energy exponential part of the 
absoiption edge changes with a-Si:H layer thickness, as illustrated in FIG. 5. 

The increase in optical gap for the material with decreasing layer thickness is believed to be associated with the 
quantum confinement of conduction band electrons into two dimensional potential wells formed by the a- 
Si.sub.l-x N.sub.x :H/a-Si,sub.l-x N.sub,x :H sandwiches, as illustrated schematically in FIG. L In the limiting 
case that the potential wells are infinitely deep (infinitely large bandgap a-Si.sub.l-x N.sub.x !H) the optical gap 
of the superlattice material would be expected to be wider than the optical gap of bulk a-SiiH by 
h.5up.2 /8m.sup.* L.sup.2 where h is Planck's constant, m.sup.* is the effective mass for electrons in a-Si:H and 
L is tibie a-Si:H sublayer thickness. Thus, in this interpretation the optical bandgap would be a linear function of 

A plot of the optical gap E.sub.g as defined above vs. the reciprocal of the square of the a-Si:H sublayer 
thickness is shown in FIO. 6. Note that the optical gap is not a linear function of l/L.sup.2 as predicted by the 
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simple theory, rather bemg sublinear. Nevertheless, the magnitude of the total change in the optical gap with 
layer thickness is consistent with a physically reasonable electronic effective nuass m.sup.* (0.1 
m<m.sup.* .Itoreq. 1.0 m where ra is the free electron mass.) 

Also plotted in FIG. 6 is the energy of the peak of the phoioliwninescence emission band for the same 
superlattice films. Although the energy of the enaission peak increases as L decreases, the L dqjendence is 
much weaker than the corresponding L dependence for the optical gap also shown in FIG. 6. The origin of this 
difference in behavior is unknown. It could be associated with the fact that a two dimensional excitation is four 
times more strongly bound than a three dimensional excitation, or it may be simply an indication that the 
distribution of band tail states is broadened by the two dimensional potential wells introduced by the 
compositional modulation of the superlattices, 

ELECTRICAL PROPERTIES 

The electrical resistivity of a series of a-SirH/a-Si.sub.l-x N.sub.x :H superlattice mat^als has been studied, 
both the resistivity in the plane of the sublayers and the resistivity perpendicular to the sublayers. The resistivity 
in the plane of the sublayers was determined using the sample configuration and electrode pattern shown in 
FIG. 7. The superlattice material was deposited on two predeposited Cr/n.sup.+ 9-Si:H fingers, through a 
circular (5 ram diameter hole) shadow mask spaced a few tenths of a millimeter above the substance so as to 
produce a tapered thickness penumbra a few tenths of a millimeter wide around the perimeter of the film. This 
approach ensures electrical contact to all of the sublayers in the sometimes highly axiisotiopic superlattice 
materials. Perpendicular resistivity measurements were performed on films deposited on Cr/n.sup.+ a-SirH 
coated quartz substrates, which forms an ohmic contact to a SiH. A similarly ohmic contact was made to the top 
surface of the superlattice film with 2 mm.sup.2 area Cr/n.sv«).+ a-Si:H dots. 

The room temperature resistivity in the plane of the sublayers is plotted in FIG. 6 as a function of L.sup.-2 for 
ihe same series of a-Si:H/a-Si.5ub. 1-x N.sub.x :H superlattice materials \\1uch had been studied opticaUy. The 
resistivity in FIG. 6 is noimaliz;ed to the resistivity of the superlattice with the thickest a-Si:H sublayer, which 
was 1500 .ANG* thick. 

If the Fermi level in the sujjerlattice material remains fixed relative to the edge of the valence band independent 
of the superlattice size parameter L and the conductivity is due to electrons rather than holes, then the in-plane 
lesistivity is expected to depend on the band gap through the exponential relation .rho =.rho-,sub-o exp (E/kT), 
Provided the optical gap is a good measure of the band gap, a plot of kTln .rhoj'.rho..sub.o as a junction of 
l/L.sup.2 should parallel the optical gap. The logarithmic resistivity scale 6n the righthand vertical axis in FIG. 
2 has been e^propriately scaled so that kTln .rho.Ari3io..sub.o in electron volts corresponds to the energy scale in 
electron volts for the optical gap on the left hand vertical axis. Note that the resistivity increases more rapidly 
with decreasing superlattice parameter L than expected on the basis of the optical gap alone. 

One speculative explanation fox the difference between the optical gap and the gap inferred from the resistivity, 
is that the mobility gap, which is the relevant quantity as far as the resistivity is concerned, increases more 
rapidly with the two dimoisional quantum confinement, than tibie density of states gap. 

The anisotropy in the electrical resistivity, of the a-SiiH/a-SLsub.l-x N.sub.x :H si^erlattice materials namely 
the ratio of the perpendicular resistivity to the in-plane resistivity, varied &om>10.sup.8 for the thick a-Si:H 
sublayer material to order 10-100 in the thin a-Si:H sublayer material. The larger anisotropy for the large L 
material where L is the thickness of the a-Si:H sublayers (a-Si-Sub.l-x N.sub.x :H sublayer held at 35A) 
confirms the x-ray structural resxilts, namely that thin, laterally coherent amorphous fihns have been fabricated. 
The reduction in anisotropy for the small L material results fi?om the much larger in-plane resistivity in this 
material. 
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DENSITY OF DEFECTS 

The magnitude of the optical absorption coefficient for photon energies less than the optical absorption 
threshold is a commonly used figure of merit in the characterization of the defect density in semiconductor 
materials. In a-SirH, it is welMmown that structural defects such as dangling bonds show up as a low energy 
absorption shoulder whose magnitude is proportional to the density of defects. The optical absorption 
coefficient in the weakly absorbing subbandgap region is most easily determined from the photoconductivity 
response spectrum as measured using the technique of Triska et al. (Sol. State Commun. 1981) for example. 
The absolute magnitude of the low energy absorption is then determined by a match of the high energy part of 
the photoconductivity spectrum to optical transmission measurements* 

The optical absorption coefiBcient determined as outlined above for photon energies in the vicinity of the optical 
gap and lower, is shown in FIG. 8 for an amorphous semiconductor supcrlattice material comprising alternating 
1500A a-Si:H layers and 35A a-Si.subJ-x N^sub.x :H layers. The oscillations in Ae optical absorption are 
caused by interference fringes generated by reflections at the film-substrate interface and the film-air interface. 
The optical absorption coefficient for the bulk material is the average of the interference maxima and minima 
on a logarithmic scale* 

The optical absorption at 1 .2 ev of about 3 cm,sup.-l in FIG, 8, is equivalent to a density of defect states of 
order 10*sup.l6 cm.sup.-3 /ev, which corresponds to approximately one defect in lO.sup.7 atoms. This defect 
doisi^ is comiparable to the defect density in conventional nominally homogeneous a-Si:H films prepared 
under the same coxulitions. 

X^RAY PROPERTIES 

An important test of the structural perfection of layered amorphous semiconductors is obtained by X-ray 
diffiaction. To test the structural quality of the layers and interfaces, the X-ray diffraction measurements were 
made with L5A X-rays, at glancing incidence. Although these experimental conditions fall outside the range of 
incidence angles and X-ray wavelengths of the X-ray mirrors of the present invention, these conditions are more 
sensitive to non-uniformity in the structure than measurements made with longer wavelength X-rays. The 
layered films act as a one dimenonal dif&action grating, giving rise to characteristic di£&action according to 
Bragg*s law: 

2d sin .phi..sub.m "^.lambda. 

where .phi..sub.m is tibie Bragg angle coirespondlng to the m.sup.th order diffiaction, d is the repeat distance of 
the superlatticc and .lambda, is the wavelength of the x-ray. 

In FIG. 9 is shown the characteristic dififraction pattem of an amorphous semiconductor superlattice consisting 
of 40 periods deposited on a quartz substrate. Each period consists of a 40 .ANG. thick sublayer of a-Si:H/a- 
Si.sub.l-xN.sub^ :H and a 30 ,ANG. thick sublayer of a-Si.sub.l-xN.sub.x :H. The X-ray measurements were 
made with ,lambda.=l .54 .ANG.. The sharpness of the peaks and the magnitude of the higher order reflections 
provide evidence that the layers are of uniform thickness, smooth and parallel. 

In the case of perfixtly smooth and parallel layers the magnitude of the m order reflection, R, is given by (see. 
e.g. J. H. Underwood and T, W. Barber P, 170 of the proceedings of the AlP in conference (1981)) ##EQU1## 
where d,s\ib.l and d.sub.2 are the thickness of the two sublayers forming the superlattice (d=d.5ub,l +d.sub.2). 
If the layers are rough then the higher harmonics are attenuated according to the expression ##EQU2## where 
R'.sub.m is the mth order reflection for the rough superlattice and .xi. is the RMS roughness of the layers. By 
applying the above two equations to our x-ray data we obtained an RMS roughness JCi.=5 .ANO. which is less 
then two monolayers. 
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TRANSMISSION MICROSCOPY 

Another way of checking the perfection of the superlaltice is by transmission electron microscopy of a thin 
section perpendicular to the layers. 

Referring to FIG. 10 shows a transnaission electron microscope picture of a layered a-Si:H/a-Si-sub.l-x 
N.STib-X :H amorphous semiconductor superlattice material with a periodic repeat distance of about 50 .ANG-. 
This figure further demonstrates the existance of laterally continuous, substantially smooth layers. 

During the foregoing description of the present invention, interpretations have been given for some of the 
results contained herein. These interpretations are given for pinposes of illustration and which are in no way 
intended to limit the scope of the invention. 

***** 
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1 1 6.5 45.329 31 High sensitiv ftv polarized-light discriminator device 

12 6.538.375 Ple d fiber lig h t source 

13 6.507.044 M Position-selective and ma terial-seleerive silicon etching to form measurement styuctures for 

fsemj^c Qpductor fabrication 

14 6.479.096 «fi Method for manufac turing a GMR spin v alve having a smooth interface between ipasngtic a^d 

non-magnetic layers 

15 6.347 ^84 M System for prediction of adh <i?ion ener^ a|T h!?rf-^^ KAt««^n rfi-^similar materials and method 

thereof 

16 6.339.022 is Method of a nnftalinp copper metallurgy 

17 6.245 .161 iasPrrttiAmiral gili^/^n-nn-silicon hybrid wafer assembly 



PAGE34/36'RCVDAT4fi7l20l»S11:19:; 



04/27/2095 09:17 3036729200 LL LAW 

PatpM Database Search Results: "atomic layers thick** in 1976 to present 



PAGE 35 
Page 2 of 3 



18 6,023.128 HI Eleotrolimmiescent laver airanaement with organic spacers joining clusters of panomaterLal 

19 6.017.401 M Conductivity improvetnent in tihin films of refractory metal 

20 5, 986,613 ^ EJjectric contact and process for producing electric contact 

21 5,986,287 Semiconductor structure for a transistor 

22 5.92 9,746 M Surface m o unted thin fihn v ol tage divider 

23 5.898,269 M E lectron sources having shielded cathodes 

24 5,815.008 IK Re sonant tmmelinp diode structures for fimtionallv complete low-p ow er logic 

25 5,80L539 m Moisture sensor for a windshield 

26 5 J443 75 ii Capped anneal 

27 5.739,552 P Semiconductor light emittin g diode producing visible lig ht 

28 5.72^,580 ii Hvdrogen ion array acceleration generator and method 

29 S,698>997 M Resonant tunneling diode structures for functionallv comp l ete low power logic 

30 5.659.1 88 3^ Capped anneal 

31 5,635,627 31 Carbon monoxide sensor having mercury doped electrode s 

3 2 5. 598J46 ill Rain sensor 

33 5, 556.825 :ii Automotive catalysts with improved oxygen storage and metal dispersion 

34 5,534,296 Hi Process for tfie pre-treatment of light metals and articles p roduced 

35 5,528.614 Hi Quantum well semiconductor laser device structu re 

36 5,482.890 ^ Method of fabricating quantum dot structures 

37 5,443,663 H Plasma oit ri ded titanium and titanixim alloy pr o ducts 

38 5,408- 575 IE Automotive fan controller 

39 5,391,?!$^ gapped ameajj 

40 5380. 451 Bath for the pr e-treatment of light metals 

41 5,3 42.693 M Multifunctio na l thrombo-resistant coating and methods of manufacture 

42 5.341,006 Hi Semiconductor device having difiusion-preventing layer between III-V lay e r and IV layer 

43 5,340,408 si Inverse delta-dop in g for improved open circuit voltage of solar cells or photo diodes 

44 5,33 4,264 M Titanium plasma nitriding intensified by thermionic emission source 

45 5 ,270,225 ii Method o f making a resonant tunn eling semiconductor device 

46 5,262,451 iB Multifunctional thrombo-resistant coatings and methods of manufactur e 

47 5,243,197 ^ Semiconductor device for generating an electron current 

48 5,182,317 ai Multif unctional tfarombo-resistant coatings and me t hods of manufacture 

49 5.107314 HH Gallium antimonide field-effect transisto r 

50 5.060.030 m Pscudomorphic HEMT having strained compensation layer 



Home 



Next List 
Quick 



Top 



View Ctg^jfl: 



Advanced Pat Num 



Heir 



04/27/2005 09:17 3036729200 LL LAW 

Patent Database Search Results: "atomic layers thick" in 1976 to present 



PAGE 36 
Page3of 3 



USPTO PatcntFull-Tbxtand Imaoe Database 



Home 



Quick 



Advanced 



Pat m m 



Heir 



Prev. List 



Bffttftrn 



View Cart 



Searching 1976 to present,,. 

Results of Search in 1976 to present db for: 
^'atomic layers thick": 67 patents. 
Hits 51 through 67 out of 67 



I Prev>50Hits ] 



[ Refine Search ] ["atomic layers thki^ | 
PAT. NO. Title 

51 5,049.951 ^ Superlatt i ce field effect transistor with moDolaver confincmeiit 

52 5,03LQ12 H Devices having asvmmetac delta-doping 

53 4,974,04 4 W Devices having asymmetric delta-doping 

54 4,926^21 S! Bi polar hot electron transistor 

55 4.864,4 62 IS! Capacjtxve gas detector having a solid rare earth fluoride dielectric 

56 4.g2 8.628 M Solar ce ll 

57 4.79 5.968 H Gas detection method and apparatus using chemisorption and/or physisorption 

58 4.684.565 m Xt^y mirrors made from multi-lavered material 

59 4.675.708 SB Semiconductor superlattice structu re 

60 4>S65.744 W Wettable coating for reinforcement particles of m e tal matrix c omnosite 

61 4,485,265 H Photovo lta ic cell 

62 4. 485.124 51 Evaporation of bloominp layers onto optical substrates 

63 4.383,130 M Solar energy cell and method of manufas lum 

64 4,232, 097 IS Fuel cell oxv^en electrode 

65 4,218.50 7 H Coated particles and process of preparing same 

66 4,008.052 W Method for improving metallurgica l bond in bimetallic castings 

67 3,975.21 1 HI Solar cells and method for making same 





Prev. M^t 


Top 










Horne 


Ouick 


Advarxfit^d 


Pat Num 

V t 


H^ip 



